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MAN'S THERMAL BALANCE m SPACE ENVIRONMENTS* 
** 

Herman P. Roth 

Consul tant  t o  The RAND Corporation, Santa Monica, C a l i f o r n i a  

With the  completion of P r o j e c t  Mercury, the United S t a t e s  program 

f o r  e x p l o r a t i o n  of space f a c e s  a t r a n s i t i o n  be fo re  the nex t  major 

phase, f l i g h t  t o  the  moon, begins. O r b i t a l  f l i g h t  i s ,  i n  a s ense ,  t h e  

f i r s t  f i rm  "s t ep"  i n t o  the  space environment. I t s  s u c c e s s f u l  accomp- 

l ishment  lends confidence f o r  s o l u t i o n  of problems of t he  t r a n s i t i o n  

phase,  the Gemini program, which w i l l  e s t a b l i s h  a major need capa- 

b i l i t y ,  o r b i t a l  rendezvous. On t h i s  i s  p red ica t ed  the  nex t  major 

phase,  the Apollo program. 

It i s  appropr i a t e  a t  t h i s  po in t  t o  take a s e r i o u s  look a t  one 

of the c r u c i a l  a s p e c t s  of man's p e n e t r a t i o n  of t h e  space environment, 

t h a t  of maintaining t h e  thermal balance between h i s  body and h i s  en- 

vironment,  on which h i s  very l i f e  depends. F l i g h t  t o  the  moon, and 

man's personal  e x p l o r a t i o n  of i t s  s u r f a c e ,  w i l l  impose problems of 

both des ign  and r e l i a b i l i t y  of performance considerably beyond those 

r e q u i r e d  i n  an o r b i t a l  f l i g h t  veh ic l e .  

Reexamination of t h i s  problem i s  ind ica t ed  f o r  s e v e r a l  reasons:  

1. Problems of thermal c o n t r o l  of the a s t r o n a u t ' s  environment 

have been p r e s e n t  t o  some e x t e n t  i n  most o r b i t a l  f l i g h t s  t o  

d a t e .  

2. Should an uncor rec t ab le  malfunct ion of environmental  tempera- 

t u r e  c o n t r o l  have occurred i n  any of t h e  Mercury f l i g h t s ,  

terminat ion was a t  l e a s t  t e c h n i c a l l y  f e a s i b l e  w i t h i n  a t i m e  
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period reasonably cons i s t en t  with man's t o l e r a n c e  of temper- 

a t u r e  extremes t h a t  might be expected, s h o r t  of some c a t a s -  

t r o p h i c  event  such a s  l o s s  of a h e a t  s h i e l d .  

Once a space v e h i c l e  has l e f t  E a r t h ' s  o r b i t ,  and i s  i n  a 

t r a j e c t o r y  t o  the moon (or  f a r t h e r ) ,  t h e r e  i s  l i t t l e  o r  no 

p o s s i b i l i t y  of quick emergency r e t u r n  t o  the Earth 's s u r f a c e  

a s  a means of escape from i n t o l e r a b l e  thermal overloads of 

the body. Right now there  s e e m  t o  be no f i rm p lans  f o r  t h e r -  

m a l  " l i f e b o a t s , "  "e j ec t ion  s e a t s , "  o r  "escape capsules"  i n  

e x t r a - t e r r e s t r i a l  missions. 

3.  

4 .  Even i f  no emergency should occur ,  t h rea t en ing  s u r v i v a l  

through s t r i c t l y  physiological  thermal problems, i t  i s  ur-  

g e n t  t h a t  t he  a s t r o n a u t s '  thermal environment be a s  near  

optimal a s  poss ib l e ,  s o  t h a t  they may f u n c t i o n  w i t h  maximum 

(or a t  least adequate) e f f i c i e n c y  i n  the  exac t ing  d u t i e s  of 

t he  luna r  mission. 

5 .  It has  taken man roughly h a l f  a cen tu ry  t o  develop the  modern 

technology of thermal c o n t r o l  of h i s  e a r t h - s u r f a c e  h a b i t a -  

t i o n s  t o  a p o i n t  of even reasonable  func t ion  and r e l i a b i l i t y .  

To compress the  developmental c y c l e  of equipment f o r  thermal 

c o n t r o l  i n  space veh ic l e s  and a c c e s s o r i e s ,  i nc lud ing  space 

s u i t s ,  i n t o  a per iod only one-tenth t o  o n e - f i f t h  a s  long, and 

a t  t he  same t i m e  t o  achieve s u b s t a n t i a l l y  100 pe r  c e n t  re- 

l i a b i l i t y ,  i s  expecting a g r e a t  d e a l .  It i s  p o s s i b l y  expect-  

ing too much o f  f a l l i b l e ,  even though i n t e l l i g e n t ,  man? 

OUR EXPERIENCE SO FAR 

L e t  u s  look a t  what has  so  f a r  been accomplished i n  t h i s  f i e l d ,  

s t a r t i n g  wi th  the  A i r  Force Man High P r o j e c t .  I n  t h i s  p r o j e c t ,  

ba l loons  were used t o  l i f t  man t o  nea r  the ' 'top" of t he  atmosphere, 

pending development of the technology of u s ing  rocke t  boos t e r s  f o r  

manned f l i g h t .  

a f u n c t i o n a l  forerunner  of the rocket-boosted capsules  of P r o j e c t  

Mercury. 

The man's veh ic l e  was an a i r t i g h t  capsu le  which was 
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I n  June, 1957, Captain J o e  Kitt inger made t h e  f i r s t  Man High 

f l i g h t ,  t o  an a l t i t u d e  of 96,000 f ee t .  While h i s  capsule  temperature 

d id  n o t  reach dangerous l e v e l s ,  i t  was uncomfortably high. Because 

of an acc iden ta l ly - r eve r sed  oxygen supply connect ion,  K i t t i n g e r ' s  

f l i g h t  had t o  be terminated much sooner than planned, t o  prevent  h i s  

running out  of l i f e - g i v i n g  oxygen. 

I n  August, 1957, Captain David G. Simons reached an a l t i t u d e  of 

102,000 f e e t  i n  the second Man High f l i g h t ,  and reinained nea r  t h a t  

a l t i t u d e  f o r  over 32 hours.  

was t roubled wi th  excess ive  temperature i n  the  capsu le .  This  was 

complicated by p a r t i a l  f a i l u r e  of h i s  atmosphere r egene ra t ion  system, 

and by h i s  own s t r e s s - induced  f a i l u r e  t o  take food when he should. 

For a cons ide rab le  p a r t  of t he  t i m e ,  he  

I n  October, 1958, Lieutenant  C l i f t o n  McClure reached an a l t i t u d e  

of 99,700 f e e t .  Because of t o t a l l y  inadequate means of sensing the  

capsule  atmosphere temperature,  t h e  f i r s t  c l u e  t h a t  t h i n g s  were not  

r i g h t  was h i s  own r e p o r t  t h a t  h i s  body temperature was 101.4 degrees .  

Trouble was experienced i n  g e t t i n g  the  bal loon t o  descend, and before  

he landed McClure's i n t e r n a l  body temperature had reached 108.5 de- 

g rees .  That he d id  no t  s u f f e r  harm from t h i s  temperature,  o r d i n a r i l y  

considered t o  be i n  the  n e a r - l e t h a l  range, i s  phenomenal. He  remained 

l u c i d  a l l  the way t o  e a r t h ,  testimony t o  an inne r  s t r e n g t h  and d e t e r -  

minat ion t h a t  would be found i n  few persons.  

I n  the  Navy S t r a t o l a b  balloon f l i g h t s  of November 8,  1956 and 

October 18, 1957, which reached a l t i t u d e s  of 76,000 and 85,700 f e e t ,  

and had d u r a t i o n s  of about 4 and 9 hours ,  r e s p e c t i v e l y ,  gondola t e m -  

perature-humidi ty  va lues  caused thermal stress. This  was not  a c u t e ,  

but  coupled wi th  the  discomfort  and l i m i t a t i o n  of a c t i o n  produced by 

the  p re s su re  s u i t s ,  c r ea t ed  a n  almost i n t o l e r a b l e  c o n d i t i o n ,  as  

r e p o r t e d  by Malcolm Ross. (2) 

I n  t h e  Mercury program, problems of human thermal c o n t r o l  were 

p r e s e n t ,  t o  some e x t e n t ,  i n  most o r b i t a l  f l i g h t s .  John Glenn exper- 

ienced r a t h e r  s eve re  thermal s t r e s s ,  f o r t u n a t e l y  near- and post- landing,  

when i t  was no t  c r i t i c a l  t o  h i s  su rv iva l .  S c h i r r a ' s  f l i g h t  came nea r  

t o  being aborted a t  the end of t h e  f i r s t  o r b i t a l  pass  because of r i s i n g  

s u i t  i n l e t  temperature. Fo r tuna te ly ,  he was a b l e  t o  make adjustments  
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which compensated f o r  the malfunction, which was l a t e r  t r aced  t o  a 

va lve  o r i f i c e  p a r t i a l l y  blocked by d r i ed  l u b r i c a n t .  However, du r ing  

t h e  f l i g h t ,  t he  f a c e - p l a t e  of h i s  helmet became p a r t i a l l y  smeared by 

p e r s p i r a t i o n ,  i n t e r f e r i n g  wi th  h i s  v i s ion .  

I n  the  f i n a l  22 -o rb i t  Mercury f l i g h t  of 34 hour d u r a t i o n ,  Gordon 

Cooper experienced no s e r i o u s  thermal stress, bu t  was found t o  be i n  

a dehydrated cond i t ion  p o s t - f l i g h t ,  a s  w i l l  be discussed l a t e r .  

THE SPACE ENVIRONMENT 

L e t ' s  take a good look a t  what w e  c a l l  the Space Environment, and 

i t s  r e l a t i o n  t o  the man. 

Ac tua l ly ,  t h i s  a i r l e s s  r eg ion  i s  not  the t r u e  environment of the 

man. It has  a r a t h e r  high f l u x  of r a d i a n t  energy from the  sun, and 

i s  t r a v e r s e d  by a f a i r  number of high-veloci ty  p a r t i c l e s  ranging from 

sub-atomic t o  macroscopic s i z e .  These and o t h e r  c h a r a c t e r i s t i c s  have 

a g r e a t  d e a l  t o  do with how w e  design the  v e h i c l e  and o t h e r  equipment 

i n  which man w i l l  t r a v e l ,  and which w i l l  provide the  atmosphere and 

o t h e r  a s p e c t s  of t he  environment d i r e c t l y  a f f e c t i n g  the  man. 

Since t h e  announcement of man's s e r i o u s  i n t e n t i o n  t o  explore  

space,  the c h a r a c t e r i s t i c s  of t he  e x t e r n a l  environment have been given 

a l o t  of a t t e n t i o n .  We have r igorously searched and documented what 

i s  known, and ou t l ined  r e sea rch  programs t o  g e t  information on what 

i s  y e t  unknown. It i s  n o t  my purpose t o  d i s c u s s  t h i s  a t  any l eng th  

o r  t o  t r y  t o  p re sen t  d e t a i l e d  information. S u f f i c e  t o  say t h a t  what 

w e  know is  p r e t t y  w e l l  on r eco rd ,  though l i k e  much o t h e r  information,  

t h i s  is no t  always e a s i l y  o r  quickly found, o r  agreed upon among a l l  

r e s e a r c h e r s .  What we d o n ' t  know w i l l  become a v a i l a b l e  i n  due t i m e  i f  

w e  have planned wisely and have good f o r t u n e  i n  our r e sea rch  programs. 

We do need t o  know considerably more than w e  know now. One par-  

t i c u l a r l y  needful  a r ea  i s  the  quest ion of how t r u e  space environment 

a f f e c t s  t h e  m a t e r i a l s  which w i l l  c o n s t i t u t e  man's prime phys ica l  pro- 

t e c t i o n  when he g e t s  ou t  of h i s  hard-shel led s p a c e c r a f t  and, f o r  in-  

s t a n c e ,  exp lo res  the s u r f a c e  o f  the moon. Some r e c e n t  f i n d i n g s  regard- 

i n g  convent ional  m a t e r i a l s  used in  s p a c e s u i t s  have n o t  been r eas su r ing .  
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We need t o  know much more p rec i se ly  about t he  d e t a i l e d  phys ica l  

c h a r a c t e r i s t i c s  of t he  moon's surface.  

about  how the  m a t e r i a l s  of  t he  moon's su r f ace  (rock d u s t  o r  whatever 

i t  may be) behave i n  the  hard vacuum of  space,  i n  r e l a t i o n  t o  man's 

p r o t e c t i v e  s u i t  and any v e h i c l e  he may t r y  t o  ope ra t e  on the  moon. 

Pre l iminary  experiments have shown t h a t  rock d u s t ,  i n  hard vacuum, 

behaves q u i t e  d i f f e r e n t l y  than i n  a i r ,  and tends t o  c l i n g  t o  i t s e l f  

and t o  o t h e r  m a t e r i a l s .  Under t h e  low g r a v i t a t i o n a l  f o r c e  of t he  

moon, about  1 / 6  of t h a t  on e a r t h ,  t h i s  could prove t o  be q u i t e  a prob- 

l e m  i f  w e  do n o t  s tudy  i t  adequately beforehand. The su r faces  of non- 

m e t a l l i c  and even m e t a l l i c  s o l i d  o b j e c t s ,  made of m a t e r i a l s  whose 

c h a r a c t e r i s t i c s  w e  have thought w e  knew i n t i m a t e l y  and thoroughly,  may 

have q u i t e  d i f f e r e n t  c h a r a c t e r i s t i c s  when they have l o s t ,  i n  t h e  

u l t r a - h a r d  vacuum of space,  the  c l ing ing  l a y e r  of  gas  molecules they 

possess  i n  the  e a r t h ' s  atmosphere. 

We must a l s o  know a good d e a l  

The p o i n t s  j u s t  mentioned are obviously n o t ,  i n  themselves,  t he r -  

mal problems. However, they bear d i r e c t l y  on t h e  o v e r - a l l  problem of  

des igning  both the  space v e h i c l e s  and t h e  personal  p r o t e c t i v e  equip- 

ment t h a t  man w i l l  wear both in s ide  and o u t s i d e  t h e  veh ic l e s .  I f  some 

of t h e  information we need f o r  proper des ign  does n o t  become a v a i l a b l e  

f o r  s e v e r a l  y e a r s ,  a s  i s  e a s i l y  poss ib le ,  t h i s  could d i r e c t l y  a f f e c t  

t he  developmental  cyc le  of t h i s  equipment. It could sho r t en  t h e  t i m e  

i n  which des ign  can be pe r fec t ed  and subjec ted  t o  a long enough per- 

iod of  p roof - t e s t ing  and p r a c t i c a l  use t o  make su re  t h a t  i t  i s  no t  

on ly  adequate ,  bu t  a l s o  f o r  p r a c t i c a l  purposes a b s o l u t e l y  r e l i a b l e .  

With regard t o  knowledge of  man's thermal r e l a t i o n s  wi th  h i s  

environment, b a s i c  phys io log ica l  knowledge i s  f a i r l y  good, bu t  by no 

means complete. A s  an environmental p h y s i o l o g i s t ,  I s t i l l  be l i eve  we 

need more r e sea rch  and development i n  t h i s  f i e l d .  Of these  two a s p e c t s ,  

t h e  need f o r  development i s  probably g r e a t e r - - a t  l e a s t  more u rgen t  i n  

r e l a t i o n  t o  man's space ven tu res  than t h e  need f o r  research .  

ENVIRONMENTAL CONTROL PROBLEMS 

I am p a r t i c u l a r l y  concerned with t h e  system which w i l l  have t h e  

most d i r e c t  e f f e c t s  on man's thermal balance i n  space environments,  

h i s  space s u i t  and i t s  a s soc ia t ed  means of environmental  c o n t r o l .  
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Although the  capsu le  which w i l l  take man t o  t h e  moon i s  being 

designed t o  provide,  w i t h i n  i t s e l f ,  a " s h i r t - s l e e v e "  environment, 

a n a l y s i s  of t he  a c t i v i t y  cyc le  o f  t h e  a s t r o n a u t s  i n d i c a t e s  t h a t  they 

may have t o  wear t h e i r  p re s su re  s u i t s  from one - th i rd  t o  poss ib ly  one- 

h a l f  of the est imated week o r  so  of t he  luna r  round- t r ip .  Because 

of t h e  l imi t ed  space w i t h i n  the  capsule,  and t h e  problems of p u t t i n g  

on and taking o f f  t h e  s u i t  i n  t h e  weight less  s ta te ,  they may end up 

wearing the  s u i t s  even a l a r g e r  proport ion of the t i m e .  

Without going i n t o  an  extended d i s c u s s i o n  of the c o n t r o l  of the 

atmosphere w i t h i n  t h e  space capsule i t s e l f  , t h i s  w i l l  involve some 

problems regarding which w e  s t i l l  l ack  information.  One i s  the pos- 

s i b l e  (and probable) s t a g n a t i o n  of the atmosphere under t h e  we igh t l e s s  

c o n d i t i o n  which w i l l  p r e v a i l  most of t h e  t i m e .  The c i r c u l a t i o n  and 

mixing of a i r  caused by temperature d i f f e r e n t i a l s  i n  our normal e a r t h  

surroundings,  and between our body and the  envelope of a i r  i n  which i t  

l i v e s ,  depends completely on g r a v i t y ,  I n  a space v e h i c l e  under zero-G 

c o n d i t i o n s ,  a i r  i n  c o n t a c t  w i th  a r e l a t i v e l y  warm s u r f a c e ,  e i t h e r  of 

the body o r  of t he  v e h i c l e ,  w i l l  not "rise," nor w i l l  a i r  i n  c o n t a c t  

w i th  a cold s u r f a c e  " f a l l . "  I t s  dens i ty  w i l l  change l o c a l l y ,  bu t  

mixing wi th  ad jacen t  a i r ,  o r  with a i r  a t  a d i s t a n c e ,  w i l l  r e s u l t  only 

through d i f f u s i o n  (about which we know l i t t l e  o r  nothing under weight- 

less c o n d i t i o n s ) ,  o r  through induced mechanical c i r c u l a t i o n .  

So f a r  as  t he  man i s  concerned, because t h e r e  w i l l  be no tendency 

f o r  t he  a i r  w i t h i n  h i s  c l o t h i n g ,  heated by h i s  body, t o  rise by 

"chimney e f f e c t "  a s  on the e a r t h ,  he may have t o  wear l i g h t e r  o r  less 

c l o t h i n g ,  and seek an induced a i r  c u r r e n t ,  though p o s s i b l y  reduced 

a i r  o r  w a l l  temperatures may he lp  so lve  t h e  problem. 

w e  a r e  i n  an a r e a  where w e  j u s t  don ' t  have the  information even t o  

determine our des ign  parameters.  

The p o i n t  is, 

SPECIAL PROBLEMS I N  THE SPACE SUIT 

L e t ' s  look a t  the space s u i t  problem as a whole. 

A space s u i t  obviously h a s  to  be a b s o l u t e l y  p r e s s u r e - t i g h t  and 

t h e r e f o r e  impervious t o  a i r ,  except t h a t  i n t e n t i o n a l l y  ducted i n  and 

out .  The man w i t h i n  w i l l  be almost completely dependent on c i r c u l a t i o n  
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of a i r  through the s u i t ,  f o r  c o n t r o l  of h i s  body temperature.  

d i s c u s s i o n  w i l l  be r e l a t e d  almost s o l e l y  t o  the  problem of taking c a r e  

of t h e  body's need f o r  h e a t  l o s s ,  s ince  warming the body i s  less of 

a problem and could be taken c a r e  of by supplementary e l e c t r i c a l  hea t -  

ing elements i n  the c l o t h i n g ,  i f  necessary.)  

(This 

This  c i r c u l a t i n g  a i r  w i l l  have t o  do two j o b s  which t h e  a i r  i n  

our o rd ina ry  environments has t o  do: 

ing of the a i r  i t s e l f  ( o r d i n a r i l y  c a l l e d  convect ive h e a t  removal),  

and (2) p ick  up h e a t  by evaporat ing water from t h e  s u r f a c e  of t he  

body (evaporat ive h e a t  removal.) 

t he  f a c t  t h a t  s i n c e  the s u i t  has t o  have r a t h e r  low thermal conductance, 

i t s  i n t e r i o r  temperature w i l l  a l s o  determine the  r a d i a n t  environment 

t o  which t h e  man i s  exposed. 

(1) p ick  up h e a t  by d i r e c t  warm- 

It w i l l  a l s o  have t o  compensate f o r  

I n  o rd ina ry ,  comfortable environments, r a d i a t i v e  h e a t  loss i s  a 

r a t h e r  important p a r t  of our body temperature c o n t r o l  process.  I n  t h e  

space s u i t ,  the body w i l l  be a b l e  t o  r a d i a t e  only t o  a s u r f a c e  which 

i s  l i k e l y  t o  be r a t h e r  near  s k i n  temperature. Therefore ,  r a d i a t i v e  

h e a t  loss w i l l  be a r e l a t i v e l y  low proport ion of t he  whole, throwing 

n e a r l y  the whole t a s k  on the  s u i t - v e n t i l a t i o n  a i r .  

Two o t h e r  major problems must be solved i n  an optimum space s u i t  

des ign .  One i s  the  f a c t  t h a t  when the  man goes o u t s i d e  the  space ve- 

h i c l e ,  i n t o  the  f u l l  f l u x  of the sun 's  r a d i a n t  energy, one s i d e  w i l l  

be exposed t o  a high r a d i a n t  energy i n p u t ,  while  t he  o t h e r  w i l l  i n  

e f f e c t  be r a d i a t i n g  t o  "cold space," o r  some p o r t i o n  of t he  moon's 

s u r f a c e ,  o r  both. The s u r f a c e  heated by the r a d i a n t  energy w i l l  no t  

have a i r  i n  c o n t a c t  w i th  i t ,  a s  on e a r t h ,  t o  h e l p  remove h e a t .  A 

supplementary means of l i m i t i n g  the amount of r a d i a n t  energy reaching 

the  s u r f a c e  of t he  s u i t  proper may h e l p  t o  so lve  t h i s  problem. It 

may a l s o  be d e s i r a b l e  t o  provide means f o r  e q u a l i z i n g  the thermal 

c o n d i t i o n  a s  between the  shaded vs non-shaded s i d e  of t he  s u i t .  

VARIABILITY OF HEAT PRODUCTION 

The o t h e r  major problem is  t h a t  i n  comparison w i t h  the  amount of 

h e a t  produced by the body during minimal phys i ca l  a c t i v i t y ,  a s  when 

s i t t i n g  q u i e t l y ,  h e a t  product ion can e a s i l y  i n c r e a s e  by a f a c t o r  ranging 
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from 2 o r  3 f o r  mild a c t i v i t y ,  t o  8 o r  10 o r  more i f  heavy work h a s  

t o  be done. Fo r tuna te ly ,  i n  t he  weight less  s t a t e ,  o r  under t h e  moon's 

low g r a v i t a t i o n a l  p u l l ,  the  work of locomotion, and of performing 

r o u t i n e  t a s k s ,  w i l l  be s u b s t a n t i a l l y  lessened.  However, i t  is  not  

impossible  t h a t  i n  an emergency on the  moon's s u r f a c e ,  r e q u i r i n g  re- 

p a i r s  of t he  luna r  landing v e h i c l e ,  t he  a s t ronau t  might f ind  i t  neces- 

s a r y  o r  d e s i r a b l e  t o  do considerable  phys i ca l  work. This could in-  

c lude  l i f t i n g  o b j e c t s ,  w i th in  h i s  normal s t r e n g t h  c a p a b i l i t i e s ,  which 

on e a r t h  would weigh 6 times a s  much, up t o  perhaps a qua r t e r - ton .  

Even though on the  moon t h i s  would r e q u i r e  a l i f t i n g  e f f o r t  of on ly  

about  100 pounds, h i s  h e a t  production could rise by a l a r g e  f a c t o r .  

The p r i n c i p a l  problem involved i n  t h i s  s i t u a t i o n  i s  t h a t  t h e  

body f i n d s  i t  necessary t o  throw off more h e a t ,  i n  order  t o  main ta in  

i t s  c o r e  temperature w i t h i n  the  normal o r  acceptab le  range,  s k i n  t e m -  

p e r a t u r e  tends t o  r ise ,  and the sweat g lands  w e t  t he  s k i n  t o  inc rease  

evapora t ive  h e a t  loss .  This  is a thermally e f f e c t i v e  process  so long 

a s  t h e  a i r  i n  con tac t  wi th  the  skin,  by v i r t u e  of i t s  r e l a t i v e  dryness  

and movement over t he  su r face ,  can evapora te  the  p e r s p i r a t i o n  from 

a l l  a r e a s  a s  r a p i d l y  a s  the  sweat glands put  i t  out .  

hea t  

tend 

t h i s  

bent  

a s  a 

I f  h e a t  loss from the  body i s  n o t  thus brought i n t o  balance wi th  

product ion,  both s k i n  temperature and body core  temperature w i l l  

t o  rise, s t imu la t ing  s t i l l  g r e a t e r  sweat product ion.  And i f  

sweat i s  n o t  a l l  evaporated a t  o r  near  t he  body su r face  ( i n  absor- 

c l o t h i n g ,  f o r  i n s t ance ) ,  i t  w i l l  tend t o  run  o f f  and be wasted 

cool ing  agent .  

PROBLEMS CAUSED BY WATER 

It i s  q u i t e  d i f f i c u l t  t o  r e l i a b l y  evaporate  any cons iderable  

amount of  sweat poured ou t  by the  body when i t  begins  t o  become over- 

hea ted  i n  an  impermeable garment. Under moderate t o  severe  thermal 

cond i t ions ,  sweat may be produced by t h e  body a t  a r a t e  ranging from 

one t o  a s  h igh  a s  t h r e e  p i n t s  an hour. Evaporating t h i s  from t h e  sur -  

f a c e  of t he  body, by means of a i r  flow ducted through the  i n t e r i o r  of  

an impermeable s u i t ,  i s  a r a t h e r  formidable t a sk .  This  involves  n o t  

on ly  the  problem of s i z i n g  t h e  duct ing t o  handle  enough a i r  i n  t h e  
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g r o s s ,  but a l s o  d i s t r i b u t i n g  i t  (and c o l l e c t i n g  i t )  over t he  v a r i o u s  

p a r t s  of the body. Not a l l  su r f aces  produce sweat a t  the same r a t e .  

This complicates the duc t ing  design problem, p a r t i c u l a r l y  w i t h  regard 

t o  e f f e c t s  on the bulk and mob i l i t y  problems which a r e  a l r e a d y  a p r i m e  

a r e a  of concern i n  space s u i t  design. 

I f  sweating has  t o  be depended upon f o r  body temperature c o n t r o l ,  

the  water  which l eaves  the body causes problems n o t  only with regard 

t o  i t s  evaporat ion i n t o  the s u i t  v e n t i l a t i o n  a i r  stream, but a l s o  i n  

the environmental c o n t r o l  system which must process  t h i s  a i r .  This 

has  been experienced i n  both t h e  Man High and Mercury capsu le s .  Nee: 

f o r  removal of any cons ide rab le  amount of water  from the  cab in  o r  from 

s u i t - v e n t i l a t i n g  a i r  both complicates design and may i n t e r f e r e  w i t h  

removal of carbon d iox ide  from the atmosphere. It may a l s o  d i s t u r b  

c o n t r o l  of oxygen gene ra t ion  i n  c e r t a i n  chemical systems f o r  environ- 

mental  c o n t r o l .  

From the  phys io log ica l  s tandpoint ,  loss of water from the  body a t  

an a c c e l e r a t e d  r a t e  r e q u i r e s  replacement by d r ink ing .  I f  t h i s  i s  n o t  

done before  a c e r t a i n  p o i n t ,  t h e  body's i n t e r n a l  physico-chemical 

balance i s  d i s t u r b e d ,  w i th  consequent adverse e f f e c t s  on performance, 

both phys ica l  and psychological .  It has  been r e p e a t e d l y  e s t a b l i s h e d ,  

both i n  the  ex tens ive  s c i e n t i f i c  s t u d i e s  of sweating i n  d e s e r t  envi- 

ronments, during World War 11, and even i n  t h e  Mercury f l i g h t s ,  t h a t  

adequate replacement of body water l o s t  by sweating tends t o  be neg- 

l e c t e d ,  even when water  i s  ava i l ab le .  Astronaut  Gordon Cooper ended 

h i s  34-hour space f l i g h t  i n  F a i t h  7 i n  a dehydrated cond i t ion .  This 

was i n  p a r t  due t o  the  f a c t  t h a t  he had t o  u s e  one of h i s  d r ink ing  water  

c o n t a i n e r s  t o  s t o r e  excess ive  water condensed from the  environmental  

c o n t r o l  system, and which was considered unsafe  to  d r ink .  H i s  weight 

loss of 7-314 l b  du r ing  the  f l i g h t  was the  d i f f e r e n c e  between h i s  body 

water loss  and h i s  i n t a k e  by food and d r ink ing .  The l a t t e r  was esti-  

mated a t  n o t  over 3 p i n t s ,  and should have been cons ide rab ly  more t o  

prevent  dehydration. 

The p e n a l t i e s  of dehydrat ion become more severe the  f a r t h e r  i t  

goes. Some of i t s  a c u t e  e f f e c t s  a r e :  
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1. Increased pulse  r a t e ;  

2.  Increased body temperature;  

3.  More r ap id  r a t e  of breathing;  

4 .  Appearance of t i n g l i n g  and numbness; 

5. Reduced blood volume; 

6 .  Blood becomes more concentrated , even "sludged ; " 

7. Nausea; l ack  of a p p e t i t e ;  

8. I n s t a b i l i t y  of emotions. 

Exhaustion begins t o  show when water loss amounts t o  about  5 t o  6 

per  c e n t  of t he  body weight.  Af t e r  dr inking  enough water, r e l i e f  i s  

experienced i n  even a few minutes. However, i t  i s  much s a f e r  t o  avoid 

the  dehydra t ion  by minimizing water loss, o r  i f  t h i s  i s  impossible ,  

d r ink ing  even i f  one has  t o  fo rce  himself t o  do so.  I f  dehydra t ion  

proceeds t o  about  12 per  cen t  of t h e  body weight o r  more, body core  

temperature  may inc rease  explos ive ly ,  and sweating o f t e n  s tops .  Ac- 

t u a l  damage t o  the  nervous system, inc luding  the  b r a i n ,  occurs  i f  body 

core  o r  b r a i n  temperatures r i se  t o  about 110 t o  112'F. 

Presen t  accepted p r a c t i c e  i n  the  des ign  of space s u i t s ,  and o the r  

v e n t i l a t e d  garments,  i s  t o  u t i l i z e  the  evapora t ive  range of  t h e  human 

body's  thermal c o n t r o l  mechanism, s i n c e  t h i s  minimizes t h e  volume of 

gas  which must be c i r c u l a t e d  through the  s u i t  i n  o rde r  t o  remove a 

g iven  amount of hea t .  This  i s  perhaps acceptab le  a s  a r e l a t i v e l y  

shor t - te rm o r  emergency measure, i f  t he  environmental  c o n t r o l  system 

which must handle  the  c i r c u l a t i n g  a i r  i s  capable  of removing the  maxi- 

mum water vapor  outputs .  

However, t h i s  must be considered a s  phys io log ica l ly  undes i r ab le ,  

s i n c e  i t  could in t roduce  a stress, poss ib ly  a r a t h e r  s i g n i f i c a n t  one, 

a t  a t i m e  when t h i s  might combine w i t h  o the r  stresses t o  s e r i o u s l y  

impair  t h e  f u n c t i o n a l  c a p a b i l i t y  of  t h e  man. For t h i s  reason ,  i t  

would be p r e f e r a b l e  t o d e s i g n  f o r  m i n i m u m  r e l i a n c e  on evapora t ive  

body cool ing.  Whether t he  so lu t ion  l ies  i n  the  d i r e c t i o n  of increased 

v e n t i l a t i o n  volumes, use  of new p r i n c i p l e s  such a s  the rmoe lec t r i c  

coo l ing ,  o r  some o t h e r  means of hea t  t r a n s f e r ,  i s  up t o  t h e  ingenui ty  

of  t h e  des igner .  
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PHILOSOPHY OF DESIGN AS A FACTOR I N  RELIABILITY 

It should need no f u r t h e r  emphasis t h a t  man's very l i f e  i n  space 

environments depends upon whether the c o n t r o l  systems f o r  t h e  space- 

c r a f t  and h i s  space s u i t  w i l l  maintain him i n  reasonable  thermal ba l -  

ance,  and t h a t  these  systems must provide e s s e n t i a l l y  100 per  cent  

r e l i a b i l i t y .  How a r e  w e  t o  achieve such r e l i a b i l i t y ?  

One thing w e  must recognize about much of the  equipment f o r  manned 

space f l i g h t  i s  t h a t  i t  i s  almost in  t h e  ca tegory  of "one-of-a-kind." 

This  r e q u i r e s  a somewhat d i f f e r e n t  approach than mere r e l i a n c e  on the  

s t a t i s t i c a l  systems which admit tedly do a p r e t t y  good job under quan- 

t i t y -p roduc t ion  condi t ions .  

been made a v a i l a b l e  by the  S.A.E. i n  Volume 4 of the  Technical  Progress  

S e r i e s :  " R e l i a b i l i t y  Control  i n  Aerospace Equipment Development." 

Many yea r s  ago, C .  M. Ashley of t he  C a r r i e r  Corporat ion,  i n  d i s -  

An admirable guide  t o  such systems has  

cuss ing  the  problem of perfect ionism a s  an a t t i t u d e  i n  des ign  engin- 

eers,(3) l i s t e d  s e v e r a l  p recep t s  i n  the  philosophy of des ign  which could 

w e l l  be appl ied  i n  the  problem we a r e  d i scuss ing .  They a r e :  

" F i r s t ,  t roub le  must be expected from any change, however small .  

Second, t he  l i ke l ihood  of t roub le  inc reases  wi th  the magnitude and 

w i t h  t h e  novel ty  of the change. Third,  the  chances of ca tch ing  the  

t r o u b l e  i n  the  l abora to ry  s t a g e  depend upon t h e  e x t e n t  and i n t e l l i -  

gence of t h e  proof tests. 

c a t c h  a l l  of t he  t roubles .  

p l a n s  f o r  a r e t r e a t  before  he  s t a r t s  h i s  advance." 

Four th ,  no amount of p roof - t e s t ing  w i l l  

F i f t h ,  t he  w i s e  gene ra l  always l a y s  h i s  

Although Ashley wrote t h i s  about two decades ago, t he  wisdom of 

h i s  obse rva t ions  i s  borne o u t  by c u r r e n t  a r t i c l e s  i n  the  f i e l d  of re- 

l i a b i l i t y  assurance.  I n  an a r t i c l e  on t h e  e f f e c t  of mod i f i ca t ions  on 

r e l i a b i l i t y ,  Gurr") pointed o u t  the i n s i d i o u s  e f f e c t s  which a c c e l e r a t e d  

schedules  may have on programs of p roof - t e s t ing  f o r  r e l i a b i l i t y .  It 

i s  too  o f t e n  t r u e ,  he s a i d ,  t h a t  if a seemingly minor change is  made 

i n  one component of a system, schedule-pressure sometimes r e s u l t s  i n  

only  t h a t  component being r e - t e s t ed  a f t e r  t h e  change, and n o t  t h e  

whole system. 

t h i s  could cause a f a i l u r e  which might have been f o r e s t a l l e d  i f  a 

test  had been run. 

Because of i n t e r a c t i o n  between components and systems, 
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HUMAN ERROR FACTORS 

B. J. has  a l s o  a p t l y  pointed ou t  t h a t  i n  s p i t e  of most 

c a r e f u l  a t t e n t i o n  t o  r e l i a b i l i t y  assurance techniques,  human e r r o r s  

c o n t r i b u t e  from o n e - f i f t h  t o  one-half of a l l  system malfunct ions.  

H e  a l s o  c a l l s  a t t e n t i o n  t o  the  f a c t  t h a t :  "...It i s  unproduct ive t o  

t r y  t o  a r r i v e  a t  system r e l i a b i l i t y  a s  though the  human and hardware 

subsystems could be cha rac t e r i zed  with the  same s t a t i s t i c s .  You d o n ' t  

measure men by Mean T i m e  t o  F a i l u r e ,  and you d o n ' t  measure most ma- 

ch ines  by Variance,  e i t h e r  w i t h i n  nor between machines.'' He  f u r t h e r  

be l i eves  t h a t :  

such a s  mot iva t ion ,  honesty,  v ig i l ance ,  o r d i n a r i l y  thought of  a s  a 

command r a t h e r  than des ign  functions." 

"...we may be overlooking some important human f a c t o r s ,  

The need f o r  well-formulated and thorough programs of environmen- 

t a l  t e s t i n g ,  a s  a means of achieving high r e l i a b i l i t y ,  a s  w e l l  a s  some 

of i t s  l i m i t a t i o n s ,  has  r e c e n t l y  been discussed by John H. Boeckel of 

t he  Goddard Space F l i g h t  Center.  ( 6 )  "...In 

g e n e r a l ,  the  manned and m i l i t a r y  missions r e q u i r e  a cons iderably  h ighe r  

degree  of r e l i a b i l i t y  than does the s c i e n t i f i c  one. U n r e l i a b i l i t y  i n  

a s c i e n t i f i c  s a t e l l i t e  impl ies  loss  of d a t a ;  i n  a manned s a t e l l i t e ,  1 

loss of l i f e ;  and, i n  a m i l i t a r y  s a t e l l i t e ,  r i s k  t o  the  n a t i o n ' s  de- 

f ense  pos ture  . '' 

He pointed o u t  t h a t :  

With regard t o  use  of mathematical models, Boeckel pointed out  

t h a t  mathematical  p r e d i c t i o n  is  only i n d i c a t i v e ;  i t  he lps  t o  h i g h l i g h t  

those elements i n  an  assembly having the  g r e a t e s t  impact on system 

performance, but  does n o t  always enable  a c c u r a t e  q u a n t i t a t i v e  pred ic-  

t i o n .  Regarding t e s t i n g  philosophy, he  sa id :  "...The v a r i a t i o n s  be- 

tween ind iv idua l  e lements  and the  unpred ic t ab le  i n t e r a c t i o n s  and de- 

pendencies t h a t  a r e  t h e  curse  of accura te  mathematical  a n a l y s i s  tend 

t o  dominate the  problem. Therefore ,  f l i g h t  u n i t  performance cannot be 

p red ic t ed  s t a t i s t i c a l l y  from the  previous tes t  r e s u l t s ,  and r igo rous  

t e s t i n g  of t h e  a c t u a l  f l i g h t  u n i t s  becomes a necess i ty . ' '  

To sum up the  argument: 

1. Man's thermal balance i n  space can be j u s t  a s  c r i t i c a l  t o  h i s  

s u r v i v a l  and r e t u r n  t o  e a r t h  a s  r e l i a b l e  performance of h i s  s p a c e c r a f t ' s  
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propuls ion ,  guidance, comnunication and o t h e r  systems. 

2 .  H i s  s a f e t y  can be assured by good des ign  of e s s e n t i a l  equip- 

ment, i n  combination wi th  r e l i a b i l i t y  which comes a s  c l o s e  t o  100 

per  cent  a s  anything w e  can achieve.  

3 .  The necessary  r e l i a b i l i t y  w i l l  be achieved only by: 

a .  Promptly acqu i r ing  a l l  information b a s i c  t o  des ign;  

b. Es t ab l i sh ing  both bas ic  and d e t a i l  des ign  a s  e a r l y  a s  

c .  Thorough p roof - t e s t ing  i n  r e a l i s t i c  environments;  

d .  Tes t ing  complete systems a s  w e l l  a s  components when any 
change i s  made; 

e. Avoiding change f o r  a cons iderable  per iod p r i o r  t o  c r i -  
t i c a l  use  of a system; 

f .  Giving a system a maximum of p r a c t i c a l  and r igo rous  use 
dur ing  the  f i n a l  va l ida t ion  per iod.  

g.  Keeping i n  mind the  f a c t  t h a t  human f a c t o r s  i n  r e l i a -  
b i l i t y  a r e  no t  y e t  suscep t ib l e  of dependable s t a t i s t i c a l  
t rea tment  and must rece ive  a t t e n t i o n  through such non- 
s t a t i s t i c a l  avenues a s  mot iva t ion ,  honesty and v i g i l a n c e .  

poss ib l e  ; 

The d e s e r t s  of the  American West o f f e r  repea ted  testimony t o  the  

f a c t  t h a t  i f  man l acks  e i t h e r  the  knowledge of i t s  importance,  o r  t he  

equipment o r  procedures t o  maintain thermal balance,  the  pena l ty  i s  

u l t i m a t e .  L e t  u s  see t h a t  t he  pioneers  who r e p r e s e n t  u s  i n  coming 

t r i p s  i n t o  space have both the  knowledge and t h e  proper equipment. 

I t ' s  a long way back from the moon. 
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